Abstract Managing depression and anxiety during pregnancy and the postpartum period is challenging. Both pharmacological treatment and the lack thereof can pose threats to a fetus. SSRIs are the drugs of choice for use during pregnancy, but there is considerable evidence for the safety and efficacy of older antidepressants during pregnancy as well. This study highlights a single case of the use of the tricyclic nortriptyline during pregnancy and postpartum. The subject involved had an unexpectedly high ratio of serum level to drug dose during the postpartum period. We monitored the subject for a significantly greater portion of the postpartum period than has been done in previous studies, and explored medical and lifestyle changes that could account for the level-to-dose ratios we observed. Differences in smoking patterns, coupled with the patient's status as a genetic poor metabolizer, were the most likely explanations.
Introduction
Depression is one of the most common illnesses among women, with a lifetime risk of 10-25 % (Wisner et al. 1999 ) and a peak onset during the childbearing years. As many as 75 % of those with depression also suffer from anxiety (Lamers et al. 2011) . During pregnancy and the postpartum period, these disorders pose risks to both mother and fetus, and managing the disease optimally during these vulnerable periods is critical (Kessler et al. 1994; Spinelli 1998; Marcus et al. 2003) . Many women and their babies benefit from the stable control of their disease that pharmacologic treatment can offer, but exposing the fetus to any drug is not a decision to be undertaken lightly (Cohen and Rosenbaum 1998; Weinberg and Tronick 1998; Wisner et al. 2000; Cohen et al. 2006) .
Antidepressants are among the most studied classes of medications during pregnancy, and the bulk of the literature in recent years has focused on SSRIs. Most studies have concentrated on four major categories of risk: (1) congenital defects; (2) growth effects, spontaneous abortion, preterm birth, and stillbirth; (3) neonatal adaptation problems; and (4) long-term neurodevelopmental differences. The data are generally reassuring in all four of these categories. There is no consistent evidence of increased risk of congenital defects (Kulin et al. 1998; Nulman et al. 2002; Moses-Kolko et al. 2005; Cohen et al. 2006; Alwan et al. 2007; Louik et al. 2007 ), some evidence of increased rates of preterm birth that cannot be distinguished from the effect of depression (Hemels et al. 2005; Suri and Altshuler 2009; Wisner et al. 2009) , no evidence of association with stillbirth and infant mortality (Stephansson et al. 2013) , good evidence for self-limited neonatal adaptation problems (respiratory distress, feeding problems, neonatal abstinence syndrome, and jitteriness) (Nonacs and Cohen 2002; Levinson-Castiel et al. 2006) , conflicting evidence about the risk of persistent pulmonary hypertension in the newborn (including most recently the FDA's retraction of their warning about this risk) (Chambers et al. 2006; Källénm and Olausson 2008; Andrade et al. 2009; Wisner et al. 2009 ), and conflicting evidence of possible associations with modest long-lasting motor (but not mental) developmental differences, though it is unclear whether these differences may in fact be accounted for by maternal depression itself (Oberlander et al. 2009 , Croen et al. 2011 , Rai et al. 2013 .
Although the risks of SSRIs overall are low, not all women will respond to these drugs, and some may experience side effects. It is therefore crucial for perinatal psychiatrists to consider the older tricyclic antidepressants (TCAs) for use during pregnancy. These drugs have a side effect burden that is similar to the SSRIs but a different profile, including a higher risk of orthostasis (a matter of particular concern during pregnancy). Moreover, they have a narrow therapeutic window and greater risks in overdosing-so what are the advantages? First, we have a reassuring body of evidence concerning their safety and efficacy in pregnancy and the postpartum (Nonacs and Cohen 2002; Cohen et al. 2006; Wisner et al. 2009 ). Numerous prospective and retrospective studies, taken together, fail to show any significant risk for major congenital anomalies (Wisner et al. 2006) , preterm birth or low birth weight (Pearson et al. 2007) , persistent pulmonary hypertension (Chambers et al. 2006) , or long-term neurodevelopmental changes (Nulman et al. 2002) . Several have reported a neonatal TCA withdrawal syndrome (jitteriness, irritability, seizure) (Wisner et al. 1999 ). There have also been reports of neonatal toxicity attributable to the anticholinergic side effects of these drugs, and for that reason, nortriptyline and desipramine (the least anticholinergic TCAs) are the preferred agents in pregnancy (Suri and Altshuler 2009 ). (It should be noted that fewer prospective safety data are available for a number of less commonly used agents, including mirtazapine, nefazodone, trazodone, and the monoamine oxidase inhibitors Cohen and Rosenbaum 1998; Nonacs and Cohen 2002) ).
TCAs are clearly a viable choice for pharmacologic treatment during pregnancy and the postpartum-but how do we dose them during this challenging period? Treatment efficacy has been shown to be tied to serum level rather than dose, and the level-to-dose ratio varies greatly among individuals (Wisner et al. 1997; Sit et al. 2008) . The TCAs undergo hepatic metabolism through the cytochrome p450 system, specifically through enzyme 2D6 (Rubin et al. 1985; Kvist et al. 2001) . A moderator of change in serum levels and dose requirements during pregnancy will be CYP450 metabolizing status, ranked as follows, possibly due to different numbers of functional 2D6 genes: ultrarapid metabolizer (UM), extensive metabolizer (EM), intermediate metabolizer (IM), and poor metabolizer (PM). About 7 % of Caucasians are defined as PMs, and about 1-10 % are UMs (Kvist et al. 2001) .
Genetic differences in rates of metabolism are not the only factor governing an individual's response to drug doses. Physiologic changes may necessitate altered dosing of many drugs for the same individual at different times. In pregnancy, these changes include different levels of steroid hormones, which may affect the rate of metabolism through the cytochrome p450 system, expansion of plasma volume and total body water (and therefore of volume of distribution), reduction in albumin levels, leading to decreased protein binding of drugs, changes in hepatic blood flow, and increased glomerular filtration rate and renal excretion of drugs (Sit et al. 2008 ). Many drugs (including β-blockers, calcium channel blockers, anticonvulsants, and psychotropics) can be affected (Sit et al. 2008) . For the p450 system, there is some evidence that the activity of CYP2D6 is increased by 25-50 % during pregnancy, and pregnancy doses are usually about 1.3-2 times higher than those used in the non-pregnant state (Wisner et al. 1993; Altshuler and Hendrick 1996; Wadelius et al. 1997; Anderson 2005; Tracy et al. 2005; Miller et al. 2008; Topletz et al. 2013) . To avoid potential neonatal toxicity or withdrawal, some clinicians will lower pregnancy doses 10 to 14 days prior to the estimated delivery date (although evidence for this strategy is lacking and it may leave the pregnant woman vulnerable to increased symptoms) (Miller et al. 2008) . The postpartum may also be a time of altered metabolism of the TCAs when compared to the non-pregnant, non-postpartum state. One study has demonstrated a relative refractory period for nortriptyline metabolism with an elevated level-to-dose ratios during the first postpartum weeks (Wisner et al. 1997) . Little is known about the factors that affect altered metabolism in the postpartum period. It is therefore instructional to look to case studies such as the following that may not conform to our assumptions about these changes.
Case presentation
L.R., a 31-year-old married Caucasian professional with a history of panic disorder and depression and no other significant medical history, was referred for consultation about medication during pregnancy. She was the younger of two daughters of a day trader and a homemaker and had a family history significant for her father's compulsive gambling (treated with fluoxetine), her mother's depression (treated with amitriptyline and then sertraline), and her sister's recent onset anxiety and depression (treated with bupropion).
L.R. experienced her first psychiatric symptoms 3 years before presentation, at the age of 27, in the context of her parents' divorce and the patient's moving in with her boyfriend. She experienced a panic attack with symptoms of a racing heart, diaphoresis, shortness of breath, and dizziness. After several similar episodes, she underwent an extensive medical workup, which included an electrocardiogram, an echocardiogram, and a 24-h Holter monitor. Both cardiac and endocrinological disease were ruled out, and the patient began to see a psychiatrist and a cognitive behavioral therapist about 3 months after the onset of symptoms. L.R. described the next several months as the "worst period of my life." She had trouble sleeping, often could not leave the apartment, lost her appetite, and worried incessantly; she also began to feel depressed. Early in the course of her illness, she was treated with citalopram, but stopped after 2 days due to side effects (shortness of breath, vomiting, and chills). She next tried a low dose of nefazodone, which helped with the panic and sleep but left the patient feeling "deadened." Several months later, she added bupropion 200 mg to the nefazodone 75 mg, along with occasional lorazepam as needed for breakthrough anxiety. Within a year of the first onset of symptoms, the patient felt "back to myself." She married shortly thereafter and was virtually symptom free for the next year. At the time, she consumed about two to three alcoholic drinks per week, used no illicit drugs, and smoked about one pack of cigarettes per day.
About a year after her marriage, the patient began to taper her medications in anticipation of pregnancy. About 7 weeks after the medications were stopped, L.R. began once again to have panic attacks, palpitations, and muscle spasms, along with a great deal of anticipatory anxiety about the recurrence of her symptoms. She did not tolerate a 1-day trial of sertraline 25 mg (a "hellish reaction," including rumination and nausea) and restarted bupropion and nefazodone.
Her reaction to the taper made it likely that the patient would remain on medication once she conceived, and she was opposed to SSRIs because of her history of adverse reactions to citalopram and sertraline. After an extensive risk-benefit discussion, the patient elected to begin nortriptyline. We started her on 10 mg with instructions for a slow cross-taper with nefazodone. The rate of increase was unusually slow due to the patient's anxiety about the new drug and the nature of her response to it. She had an increased need for lorazepam prn (0.5-1 mg qd) during the first few weeks. Within 6 weeks, L.R. had discontinued nefazodone and had a serum level of 75 ug/L (therapeutic range 50-150) on 50 mg of nortriptyline. She was still experiencing some occasional negative thoughts, but no overt anxiety or panic. She required only occasional use of lorazepam. Side effects were mild dry mouth and dizziness. We then began a cross-taper of bupropion. Within 4 months of presentation, L.R. was completely off bupropion and was stable and asymptomatic on a nortriptyline dose of 70 mg (blood level 60 ug/L) ( Table 1 ). The patient's serum level on this higher dose was, surprisingly, lower than her level on the lower dose. All serum levels were measured at one of three labs owned by the same company and processed in the same facility. There were some discrepancies in time of collection. The patient was instructed to go within 12-15 h after taking her dose, but we are unable to verify that all blood draws were indeed collected within this time frame.
Upon completion of the cross-taper, the patient felt that her symptoms were back to baseline, and she began trying to conceive. She reported that she had cut her smoking in half (from about one pack per day to one half pack per day) in anticipation of pregnancy. When she did not become pregnant immediately, she began to experience some anxiety and muscle twitching, which she worried was a symptom of impending panic, and her dose was increased to 100 mg. Three months after beginning to try to conceive, L.R. began clomiphene citrate and intrauterine insemination. After 1 month, she moved on to injectable follistim and human chorionic gonadatropin, and became pregnant during the first month of treatment. The patient reported that her anxiety and mood were relatively stable during the hormone treatment, and she stopped smoking entirely once her pregnancy was confirmed. She returned to our office at 8 weeks gestation. She was maintained on 100 mg of nortriptyline, with a level of 110 ug/L. At 13 weeks, we increased her dose to 125 mg to combat new muscle twitches, trouble sleeping, and anxiety; the patient did not comply with a request to have a level drawn at this time. At 22-23 weeks, the patient suffered increased anxiety following a frightening emergency room visit for a kidney stone, and we raised her dose to 150 mg. Although the level drawn on this new dose was outside the therapeutic range, at 182 ug/L, we decided to maintain the dose as the patient was no longer symptomatic and was experiencing no adverse effects of nortriptyline; her next level, at 36 weeks, was 151 ug/L. The patient also began to see a new cognitive behavioral therapist who specialized in transitions to motherhood. At 39 weeks, the patient remained symptom free, and we lowered her dose to 125 mg in anticipation of delivery.
With the exception of some facial edema and borderline blood pressures that did not meet the criteria for preeclampsia, L.R. had a medically uneventful pregnancy. Labor was induced with oxytocin and rupture of her amniotic membranes at 40 weeks, following dinoprostone for cervical ripening. She received epidural anesthesia, was fully dilated, and had been pushing for about 1 hour when the fetus developed an erratic heart rate. The baby was delivered by emergency C-section, with no obstetric complications. The baby was in excellent physical condition with no manifestation of neonatal adaptation syndrome or cardiotoxicity.
At an office visit 2 weeks postpartum, the patient described some minor symptoms following the dose decrease to 125 mg (muscle spasms), but was feeling essentially well. She had chosen not to breastfeed and reported no neonatal adaptation problems in the baby. We instructed the patient to have a nortriptyline level drawn then, but she was unable to get to the lab. At 8 weeks postpartum, the patient complained of increasing breakthrough anxiety symptoms. A blood draw at 125 mg was unfortunately of insufficient quantity, and the patient returned for a second level at 11 weeks postpartum (now on a dose of 150 mg). Her level then was 367 mg/mL. We hoped that the unusually high level was erroneous, but considered immediate (albeit temporary) cessation of the medication. The patient was extremely reluctant to discontinue, so we instead opted to lower the dose. At 14 weeks postpartum, now on 125 mg, her level was 375. The patient denied any side effects and was reluctant to consider a change of medication. Over the course of the next week, we rechecked her level twice, and it remained elevated (at 311 and 258). At 15 weeks postpartum, we dropped her dose to 50 mg. Her levels dropped to 171 at 17 weeks and 113 at 22 weeks (still considerably higher than her pre-pregnancy level of 75 at the same dose).
Her serum levels then remained stable, but at 25 weeks postpartum, the patient experienced her first menstrual period and her symptoms returned. She felt anxious and had heart palpitations and chest tightness; she saw her internist for a cardiac workup, including an EKG. The results were within normal limits, including a QT interval of 378 and a QTc of 393. As her level on 50 mg was still stable at 128, we cautiously began to increase the dose. Levels remained relatively stable but symptoms did not improve; at 31 weeks, we found that the patient's levels had jumped again (to 206 on 100 mg and 322 on 125 mgs). The level improved modestly (to 180) when the dose was again dropped to 50 mg, but the patient continued to experience breakthrough anxiety and required lorazepam prn. Although the patient had not displayed signs of toxicity, we were nevertheless concerned about the persistently high levels and the potential for cardiac toxicity, and we agreed to taper nortriptyline in favor of another agent. Choice of another agent was limited by the patient's unwillingness to take an SSRI. There are fewer safety data available for antidepressants during pregnancy outside of the SSRI and TCA families. After a detailed risk-benefit analysis with the patient, venlafaxine was chosen as the next agent. Animal studies and limited human data for this drug show no consistent risk for congenital anomalies or neurocognitive delays; there are reports of neonatal adaptation syndrome (as with all serotonergic agents) (http://reprotox. org/Members/AgentDetail.aspx?a=3791). The patient eventually was stabilized on 262.5 mg of venlafaxine XR and weekly cognitive behavioral therapy. She has remained stable for several years, and successfully completed another pregnancy and postpartum period while remaining on venlafaxine. Her dose was increased to 300 mg during the second pregnancy, and she has maintained that dose with no lorazepam requirements since her second birth.
Discussion
The case of L.R. is instructive in many ways. Her increased levels in the postpartum period are consistent in kind but not degree with previous reports. In the most comprehensive previous study of nortriptyline pharmacokinetics in the postpartum period, subjects (n=16) had a mean level-to-dose (L/D) ratio of 1.11 at week 2 postpartum, increasing to a peak of 1.21 at week 6. Mean ratios then declined steadily until reaching a stable level of 0.84 at week 17, but that mean does not reflect the considerable individual variability among study participants. Three participants, in fact, had levels that dropped after an initial peak at 4-8 weeks but then began to rise steadily again at 11-14 weeks and were continuing to rise upon termination of the study at 17 weeks (Wisner et al. 1997) . No data are available on L.R.'s L/D ratio until the 11th week postpartum. From that point until we discontinued the drug at 33 weeks postpartum, her L/D ratio ranged from 2.06 to 3.42, with one exception (an L/D ratio of 1.31 at 29 weeks postpartum). These ratios are substantially higher than her ratios during pregnancy (1.01-1.21) and before pregnancy (0.86-1.5) (Fig. 1) .
The most obvious explanation for the variability in levelto-dose ratios is the patient's decision to alter her dose. However, L.R. was a very responsible, adherent patient, whose great anxiety led her to be extremely precise in her doses. Altering the dose on her own appeared to be an unlikely explanation (though the patient's occasional failure to get lab tests as requested may indicate that she was less reliable in her dosing than we had assumed). Another explanation would be her genetically determined rate of metabolism, but we initially dismissed this as unlikely given the difference between her pre-pregnancy and post-pregnancy levels.
We therefore made a close examination of L.R.'s lifestyle before, during, and after pregnancy, in order to identify any factors unique to the postpartum period. There were few differences. At no time was L.R. on long-term regular medications in addition to nortriptyline. She did use both clomiphene citrate and injectable follistim and gonadotropins prior to pregnancy, but for only 1 month each. Her nortriptyline levels were not measured while she was on those drugs. L.R. did not use oral contraceptives at all, either before or after pregnancy. Her alcohol consumption was similar and low in both periods (about two drinks per week, occasionally three), with no alcohol consumption during pregnancy. There was no use of illicit substances and no use of herbal supplements. Exercise levels were similar, with about three workouts per week before, during, and after pregnancy, with the exception of a 6-week hiatus in the early postpartum period.
L.R. used several medications postpartum that she had not used during or before pregnancy; these included acetaminophen with codeine for about 3-4 days, ibuprofen for about 2 weeks, and docusate sodium for several weeks. None of these was used for a long enough period to be responsible for the observed differences. L.R.'s thyroid and liver functions were both checked at 14.5 weeks postpartum, and all values were within normal limits: thyroid stimulating hormone 1.82 μU/mL, free T4 1.1 ng/dL; total bilirubin 0.35 mg/dL, alkaline phosphatase 108 U/L; aspartate aminotransferase 28 U/L; alanine aminotransferase 36 U/L. She did not have a urine drug screen at any point during her treatment but she denied substance use.
The one identifiable difference in L.R.'s lifestyle before and after pregnancy was smoking. Before pregnancy, L.R. estimated that she had been smoking one pack per day for about 10 years and had cut down to about one half pack on some (but not most) days shortly before pregnancy. More recently, she has acknowledged that her smoking was heavier than one pack per day, particularly when she was experiencing periods of anxiety. She did not smoke at all during pregnancy, but resumed smoking within 3 weeks of delivery. She states that post-delivery, she smoked a maximum of one half pack per day (but acknowledged that she is not sure of this amount). Smoking is a known inducer of some CYP450 enzymes, most notably 1A2, but also 2D6 (Bondolfi et al. 2005; Mann et al. 2008) . The polyaromatic hydrocarbons in cigarette smoke bind to a soluble intracellular receptor, which then enters the nuclear compartment and binds to the promoter for the relevant p450 gene (Okey et al. 1986 ). Induction of 2D6 due to heavy smoking could certainly have resulted in low serum levels of nortriptyline before pregnancy. The physiological changes of pregnancy would have then maintained those low levels. If the patient smoked considerably less after pregnancy than before, she might have had less induction of 2D6 and therefore higher serum levels. Because we do not know exactly how much her smoking changed, we were uncertain whether the change could account for the marked differences seen. The recent advent of affordable genetic testing allowed us to test this hypothesis by genotyping L.R. with regard to p450 enzymes (see Table 2 ). Testing conducted on July 15, 2013, indicated that L.R. is a poor metabolizer of 2D6. This status can explain her very high serum level postpartum, with the assumption that her heavy smoking prepartum may have induced metabolism then while lower smoking in the postpartum period revealed her true poor metabolizer state. In addition, the patient was found to be heterozygous for the T allele of the methylenetetrahydrofolate reductase (MTHFR) gene. Individuals with this allele may have an impaired ability to metabolize folate. This impairment can lead to elevated homocysteine levels, which have been found to be a risk factor for mood and anxiety disorders (Bjelland et al. 2003 ). We do not have any information on L.R.'s homocysteine levels.
Implications for practice L.R.'s case offers many lessons for clinicians who use antidepressants during pregnancy and the postpartum. First, as we have seen, the medication was well tolerated in pregnancy with a minimum of both side effects and breakthrough symptoms. Since only 60-70 % of people with depression respond to the first medication tried, it is vital that we do not lose sight of the efficacy and safety of older medications for use during pregnancy (particularly as these older drugs can also serve a two-in-one function of helping the sleep difficulties that are so common in pregnancy). Second, the issues experienced with the level/dose relationship across childbearing teach us that we must be especially vigilant about doses during this period of altered metabolism. Third, the possible relationship of smoking to the patient's elevated serum levels cautions us to be mindful of lifestyle issues that may affect the p450 system during a period in which 2D6 activity plummets (compared to pregnancy). We should also note that a number of antidepressants, including some TCAs, are metabolized by 1A2 rather than 2D6-the enzyme more powerfully affected by smoking. Similarly, the postpartum period warrants especially careful monitoring of any other drugs that are inducers, inhibitors, or substrates of the p450 system, even if doses have already been adjusted for interactions in the pregnant or pre-pregnant state. Examples of such drugs among psychotropic agents include fluvoxamine, fluoxetine, diphenhydramine, and paroxetine (potent inhibitors), carbamazepine and St. John's Wort (potent inducers), and amitriptyline, clozapine, haloperidol, risperidone, alprazolam, diazepam, and zolpidem (substrates). Finally, we may also take from L.R.'s story a lesson about the therapeutic index of TCAs. Though clinicians have long been reassured by our ability to relate dosage to serum level in these drugs, in this case, serum levels that were far above the accepted range resulted in no observed toxicity. Whether such an observation is unique to L.R., or unique to postpartum women, is unclear. Given how well L.R. had done on the drug, however, our results do prompt us to ask how concerned we need to be about levels in the toxic range if the patient exhibits no symptoms of toxicity or medical complications. In this case, we discontinued the drug due to concern about these high numbers, even though the medication was efficacious in terms of symptom remission. In retrospect, however, we must wonder whether individual signs of toxicity might not be more meaningful indicators of the necessity of stopping a drug than serum levels alone.
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